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Abstract: In this study, chitosan-PEO blend, prepared in a 15 M acetic acid, was electrospun into 
nanofibers (~ 78 nm diameter) with bead free morphology. While investigating physico-chemical 
parameters of blend solutions, effect of yield stress on chitosan based nanofiber fabrication was clearly 
evidenced. Architectural stability of nanofiber mat in aqueous medium was achieved by ionotropic 
cross-linking of chitosan by tripolyphosphate (TPP) ions. The TPP cross-linked nanofiber mat showed 
swelling up to ~ 300 % in 1h and ~ 40 % degradation during 30 d study period. 3T3 fibroblast cells 
showed good attachment, proliferation and viability on TPP treated chitosan based nanofiber mats. 
The results indicate non-toxic nature of TPP cross-linked chitosan based nanofibers and their potential 
to be explored as a tissue engineering matrix. 
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 Tripolyphosphate (TPP) cross-linking rendered structural stability to nanofibers.  
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 1. Introduction 16 
The architecture of extra-cellular matrix (ECM) and its micromechanics modulate 17 
morphogenesis of the native tissues in vivo [1]. Nano/micro fibrillar arrangement of ECM 18 
components allows formation of a highly interconnected porous network with adequate structural 19 
resilience essential for cellular function. To mimic this fibrillar structure in tissue engineering 20 
scaffolds, nanofiber matrices offer a good choice [2]. Nanofiber morphology facilitates good 21 
cellular response owing to their high surface area and favor cell-material interaction [3]. Of the 22 
various techniques used for nanofiber fabrication, electrospinning seems to be promising due to 23 
its simplicity, environmentally friendly nature, cost-effectiveness and scalability [4]. Electrospun 24 
matrices provide an interconnected porous network with tailorable mechanical properties 25 
desirable for tissue engineering applications.  26 
However, a major concern for electrospun matrices is their inherent small pore size that 27 
restricts cellular infiltration, thereby limiting their potential application as three dimensional 28 
tissue engineering constructs. This difficulty may be addressed by various techniques such as 29 
incorporation of leachable agents into polymer solutions [5], controlling fiber packing density by 30 
tuning spinning parameters [6] or by using optimally designed collector modules [7]. In some 31 
cases small pores may be desirable, for example in specific tissue engineering applications like 32 
vascular graft reconstruction. Soletti et al. (2010) have successfully developed a bilayered 33 
vascular graft scaffold with highly porous cellular inner layer acting as tunica media and an outer 34 
electrospun layer with limited porosity mimicking tunica adventitia [8].  35 
From the perspective of skin tissue engineering, electrospun scaffold may be utilized for 36 
basement membrane reconstruction to treat skin injuries. In native skin, basement membrane 37 
(mainly composed of collagen IV, laminin, nidogen, and glycosaminoglycans) acts as a 38 
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separating layer for the two distinct cellular compartments, namely, the epidermis and dermis 39 
[9]. Trans-membrane migration of epidermal and dermal cells is restricted to maintain the 40 
compartmentalized anatomy of skin. The epidermal compartment contains no blood vessels and 41 
completely relies on underlying dermis for nutrient supply and metabolic waste disposal via 42 
diffusion across basement membrane. While mimicking skin basement membrane, scaffolds with 43 
nanometer scale pore sizes may play key role in restricting inter-compartmental migration of 44 
epidermal and dermal cells (especially fibroblasts and keratinocytes with average diameter of 3-45 
10 µm) while allowing diffusion of nutrients and metabolic wastes. It may also be noted that 46 
dermal fibroblasts can attach and organize well around fibers with diameter less than the cellular 47 
diameter [7]. In this respect, a submicron scale fibrous scaffold may be advantageous for better 48 
cellular attachment, proliferation and related ECM deposition. 49 
Looking into the current trends of tissue engineering, more emphasis is being given for 50 
development of scaffolds using natural and bio-degradable materials like chitosan, collagen, 51 
hyaluronic acid, silk and fibrinogen [10- 14]. Amongst various biopolymers used, chitosan (N-52 
deacetylated derivative of chitin) is promising due to its biocompatibility, tailorable 53 
biodegradability, non-antigenicity, antimicrobial activity and wound healing potential [15]. For 54 
tissue engineering application, chitosan seems attractive due to its similarity with 55 
glycosaminoglycans (GAG)—a major content of the ECM [16]. The slow biodegradation of 56 
chitosan in lysozyme environment releases nontoxic end products (eg. N-acetyl glucosamine, 57 
glucosamine and related oligomers), that trigger native macrophages for guided collagen 58 
deposition, essential for wound healing and functional tissue regeneration in vivo [17]. 59 
Electrospinning of chitosan has been attempted by various researchers and was found to 60 
be challenging owing to its limited solubility, rigid crystalline structure and hydro-colloid nature 61 
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[18]. Geng et al. (2005) have reported electrospinning chitosan nanofiber, using a less 62 
deacetylated polymer (degree of deacetylation, DA <54%) in 15 M acetic acid [19]. 63 
Unfortunately, chitosan with lower deacetylation exhibit lower tensile strength and poor cell 64 
attachment/proliferation potential, that restricts its applicability in tissue engineering. Min et al. 65 
(2004) and Ohkawa et al. (2006) have also fabricated chitosan (DA ~ 80%) nanofibers using 66 
solvents like 1,1,1,3,3,3-hexafluoro-2-propanol and tri-fluoroacetic acid, which have toxic 67 
physiological effects [20,21]. In order to overcome the difficulties of chitosan electrospinning, 68 
nanofiber fabrication has been attempted using blends of chitosan with other biocompatible 69 
polymers like poly (vinyl alcohol) (PVA) and PEO [22, 23]. In fact, addition of co-spinning 70 
polymers facilitates entanglement of the polymer molecules, while reducing the solution 71 
viscosity necessary for fiber formation. In a chitosan-PEO blend, flexible PEO molecules 72 
associated with rigid chitosan chains promoted solution flowability along with providing 73 
adequate entanglement needed for electrospinning. 74 
Although recent efforts of chitosan based nanofiber fabrication are encouraging, but their 75 
crosslinking under physiological conditions is still a challenge. To prevent fiber dissolution in 76 
aqueous medium [24], chitosan mats are commonly cross-linked using various covalent cross-77 
linkers like glutaraldehyde [25], glyoxal [26], ethylene glycol diglycidyl ether [27] etc.  78 
However, this covalent crosslinking takes long reaction time and has potential cytotoxicity in 79 
vitro [28]. The ionic cross-linkers like tripolyphosphates (TPP), on the other hand, can facilitate 80 
kinetically driven cross-linking of chitosan in aqueous medium under physiological conditions 81 
[29]. However, effect of TPP mediated ionotropic cross-linking on physico-chemical and 82 
biological properties of chitosan based nanofiber mats have not been explored largely, especially 83 
in context of skin tissue engineering application. 84 
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The present study investigates potential of ionically cross-linked electrospun chitosan 85 
based nanofibers for tissue engineering. Electrospinning of chitosan and chitosan-PEO blend 86 
solutions in acetic acid is reported for nanofiber fabrication. Preliminary investigation of 87 
different solution parameters including polymer loadings were carried out to understand their 88 
effect on electrospinning of chitosan. The nanofiber mats were cross-linked with TPP ions to 89 
enhance their architectural stability in aqueous medium. Further cell attachment, proliferation 90 
and viability of cross-linked nanofibers were studied to validate in vitro cytocompatibility of the 91 
matrices.  92 
2. Materials and methods 93 
2.1 Preparation of solutions for electrospinning 94 
In this study, glacial acetic acid (Merck, India) and de-ionized water were used as 95 
solvents for dissolving two different polymers, chitosan (<90% de-acetylated, average Mw ~ 96 
710,000, Marine Chemical, India) and poly(ethylene oxide) (PEO, average Mv ~ 200,000,  97 
Sigma Aldrich, US). The stock solutions of 3% (w/w) chitosan and 10% (w/w) PEO were 98 
prepared using 0.5 M and 15 M dilute acetic acid by overnight stirring. The prepared solutions 99 
were filtered using filter mesh (~ 88 µm pore size) followed by centrifugation to remove air 100 
bubbles present in it for uninterrupted spinning. Chitosan-PEO blends in different weight ratios 101 
(3:1, 4:1, 6:1 and 9:1) were thus prepared using 3% (w/w) chitosan and 10 % (w/w) PEO 102 
followed by overnight stirring and centrifugation. Freshly prepared solutions were used for 103 
physico-chemical analysis and attempted for electrospinning. Samples were labeled as xCyP 104 
where ‘x’ and ‘y’ refer to the weight ratio of 3% (w/w) chitosan and 10% (w/w) PEO, 105 
respectively. Details of all sample solutions prepared are given in Table 1.  106 
 107 
 6 
 
2.2 Solution conductivity and pH 108 
In this study, pH and conductivity of chitosan, PEO solutions and their blends were 109 
examined using a conductivity/pH meter (Orion, USA) at 25
o
C. 110 
2.3 Dynamic surface tension measurement 111 
The dynamic surface tension of chitosan, PEO stock  solutions and their blends were 112 
measured based on Wilhelmy plate method as described by Kriegel et al. (2009) using a standard 113 
platinum probe mounted on a computer controlled surface tensiometer (Data Cat, Germany) [30]. 114 
The surface tension () of the fluid was calculated from the following equation- 115 
                                                      = F/L cos  116 
where, F, L, and  are force acting on probe, length of meniscus, and contact angle, respectively. 117 
2.4 Rheological properties of solutions 118 
 In this study, viscosity and dynamic yield stress of chitosan, PEO and their blends were 119 
measured using a Bohlin CVO and Gemini 200 rheometers  (Malvern, UK) , respectively using 120 
parallel plate geometry (20 mm diameter) at 25°C. The shear rate was varied between 0.2-100 121 
sec
-1
.  122 
2.5 Electrospinning of chitosan, PEO stock solutions and their blends 123 
For electrospinning, a high voltage DC power supply (30KV, Glass Mann, Japan) 124 
assembled with a syringe pump (KD Scientific, Switzerland)  was enclosed in a wooden chamber 125 
having additional safety switch.  A custom made wooden cylindrical rotary mandrel (~ 7 cm 126 
diameter, 200 rpm), used as collector, was connected to ground for charge dissipation from the 127 
deposited polymer solution. A syringe, fitted with a blunt end stainless steel needle (26 G), was 128 
fed with the polymer test solutions. The syringe was housed horizontally on the syringe pump 129 
that maintains solution flow rate in microliter range. The metal capillary of syringe was attached 130 
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to positive electrode of the high voltage DC power supply. The rotary mandrel was wrapped with 131 
aluminum foil and placed at a distance of ~ 15 cm from the capillary tip. The syringe pump 132 
released polymer solution at a flow rate of 8 µl/min. A 20 kV electric field was maintained 133 
between the two electrodes. All experiments were carried out at 25 °C. The drop of polymer 134 
solution present in the capillary tip was monitored for formation of the cone-shaped jet (Taylor 135 
cone), under applied electric field, which further travelled towards the collector causing 136 
fiber/bead formation. The samples were vacuum-dried and stored in desiccators prior to any 137 
further use. 138 
2.6 Scanning electron microscopy  139 
The morphologies of electrospun samples, prepared using a range of solutions (Table 1), 140 
were examined under scanning electron microscopy (SEM, EVO 60/ Zeiss, Germany) at an 141 
accelerating voltage of 10-20 kV. Prior to microscopy, all samples were gold coated for 90 sec 142 
using a plasma gold sputter. Fiber diameters of each electrospun sample were measured from 143 
SEM micrographs using IT3 software. 20 random fibers were considered for this measurement. 144 
2.7 Cross-linking of electrospun samples 145 
Based on SEM micrographs shown in Fig. 1, the electrospun sample (4C1P mat) with 146 
evenly distributed nanofiber morphology was chosen for further study. The sample mats were 147 
treated with 5% (w/w) sodium tripolyphosphate (STPP, Loba Chem, Mumbai) solution (pH 7) 148 
for efficient cross-linking of chitosan through ionotropic gelation with TPP ions. PEO and 149 
unreacted TPP were attempted to remove from STPP treated 4C1P mats by incubation in 150 
aqueous medium at 37 ºC for five days under gentle shaking [31]. The STPP treated 4C1P mats 151 
(4C1P-S mats) were observed under SEM as before. 152 
 153 
 8 
 
2.8 Physico-chemical characterization of as-spun and STPP treated chitosan-PEO mats  154 
2.8.1 Swelling behavior 155 
Swelling behaviors of 4C1P and 4C1P-S mats were studied to assess their relative 156 
stability under aqueous medium as these fibers were used for in vitro cytocompatibility 157 
evaluation. For swelling study, sample mats (~ 1 cm
2
) were incubated in PBS (pH 7.0) at 37 °C 158 
for 48 h. After incubation, samples were removed at different time points, wiped gently to 159 
remove the surface liquid and sample weights were measured (Ww). Samples were air-dried and 160 
further weighed (Wd). Both the measurements were done using microbalance (Mettler Toledo, 161 
US). The percentage swelling of samples (n=5) was calculated using following equation- 162 
                                    % Swelling = [(Ww - Wd) / Wd ] × 100 163 
2.8.2 X-Ray diffraction (XRD) analysis 164 
        X-ray diffraction patterns of 4C1P and 4C1P-S mats were obtained using a X-ray 165 
diffractometer (Philips PANalytical X'Pert) using Nickel filtered CuKα radiation at 40 kV and 50 166 
mA in the 2θ range of 10°– 30°. 167 
2.8.3 Thermal behavior 168 
Thermal degradation behavior of 4C1P and 4C1P-S mats were evaluated in temperature 169 
range of 50–650 °C with a Perkin Elmer Pyris Diamond TGA instrument (UK), using platinum 170 
crucibles having 4.0 ± 0.1 mg of sample. A dynamic N2 atmosphere (50 mL/min) and a heating 171 
rate of 10 °C/min were maintained throughout the experiment. 172 
2.8.4 Biodegradation kinetics  173 
In vitro degradation behaviors of 4C1P and 4C1P-S mats were assessed in lysozyme 174 
(Fluka, US) medium over 30 days. 5 samples of each type of mat were considered. In this study, 175 
dry weight of samples (Wi) were determined followed by their incubation in 0.1 M PBS 176 
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supplemented with lysozyme at 37 ºC. The samples were removed from medium after every 3 177 
days, washed thoroughly in distilled water, and air-dried, prior to recording their final weight 178 
(Wf). Percentage weight remaining of samples after degradation was calculated using the 179 
following equation- 180 
                              % Weight remaining = (Wf  / Wi)  ×100 181 
2.8.5 Fourier transform infrared (FTIR) spectroscopy 182 
Fourier transform infrared (FTIR) spectroscopy was carried out for vacuum dried 183 
chitosan, PEO, STPP powders, as-spun chitosan-PEO (4C1P) mats, and STPP treated chitosan-184 
PEO (4C1P-S) mats. For chitosan, PEO, and STPP, the powders were mixed with KBr and made 185 
into pellets using a hydraulic press. 4C1P and 4C1P-S mats were analyzed under ATR mode. 186 
The spectra were recorded in reflectance mode between 4000 - 800 cm
-1
 using a FTIR/ATR 187 
spectrophotometer (Model - NEXUS-870, Thermo Nicolet Corporation, USA). 188 
2.8.6 Mechanical testing  189 
The mechanical properties of 4C1P and 4C1P-S mats were determined using universal 190 
testing machine (25K, Hounsfield, UK) at room temperature using 20 N load cells to analyze the 191 
effect of TPP cross-linking on nanofibers. 5 samples of each type of mat were studied. The fully 192 
dried samples were sectioned into strips (~ 5 mm width, 15 mm length, ~0.08 mm thickness) and 193 
mounted in tensile grips. Initial gauge length of 10 mm was maintained. The samples were tested 194 
under tension at a cross-head speed of 0.05 mm/min. A plot of load versus extension was studied 195 
for both sample types. 196 
  197 
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2.9 In vitro cell culture study 198 
For in vitro studies, Dulbecco's Modified Eagle's Medium (DMEM, Himedia, Mumbai, 199 
India) medium supplemented with 10 % fetal bovine serum (FBS, Himedia, Mumbai, India) and 200 
1% penicillin-streptomycin (Himedia, Mumbai, India) was used for cellular incubation.  201 
2.9.1 3T3 fibroblast cell culture on TPP treated chitosan-PEO nanofiber mats 202 
In the present study, 4C1P and 4C1P-S mats were explored for cytocompatibility 203 
evaluation using 3T3 fibroblast cells (obtained from NCCS, Pune, India). 204 
Attachment/proliferation and viability of cells on mats were studied  by SEM, fluorescence 205 
microscopy (Zeiss Axio Observer Z1, Carl Zeiss, Germany) using a 4′, 6-Diamidino-2-206 
phenylindole (DAPI, Invitrogen, US) nuclear stain and LIVE/DEAD viability/cytoxicity kit 207 
(Molecular Probe, Invitrogen, Eugene, USA). In addition, MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 208 
5-diphenyltetrazolium bromide, Sigma) assay was carried out to quantify cell viability.  209 
The sample mats were cut into 8 mm diameter discs and sterilized in 70% ethanol for 3 210 
hours followed by PBS washing. The samples were further incubated overnight in DMEM 211 
complete culture medium prior to seeding of 3T3 fibroblast cells. 1×10
5
 number of fibroblasts 212 
were seeded onto each of the mats and tissue culture polystyrene (TCP; positive control) within 6 213 
mm
2
 metallic rings and incubated at 37 ºC with 5% CO2 for 7 days. The growth medium was 214 
replenished after every three days. 215 
The cell seeded mats were observed after 1, 3 and 7 days of incubation to assess cellular 216 
attachment, proliferation and their growth morphologies. Prior to microscopic observation, the 217 
samples were fixed in 2.5% (w/w) aqueous glutaraldehyde solution for 30 mins followed by 218 
dehydration in graded ethanol solutions. As before, the vacuum dried samples were gold coated 219 
and observed under SEM. The samples were also stained using DAPI nucleic acid and observed 220 
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under fluorescent microscope. Normal phenotype cell nuclei were expected to appear glowing 221 
bright in contrast to the unstained scaffold background. A preliminary cell (nuclear) count was 222 
carried out by Image J software to assess cell attachment and proliferation on samples. 223 
2.9.2 Cell viability assays 224 
The viability of 3T3 fibroblasts on 4C1P and 4C1P-S mats was assessed by live/dead 225 
assay using manufacturer’s protocol and observed under fluorescent microscope (excitation 226 
wavelength of 530 nm for calcein and 645 nm for ethidium homodimer). The calcein labeled live 227 
cells emitted green fluorescence while ethidium homodimer stained dead cells and emitted red 228 
fluorescence. Viable cell proliferation on sample mats was further quantified using MTT assay, 229 
taking TCP as control following a method reported by Datta et al [32]. At the end of 1, 3, and 7 230 
days, the samples were transferred to fresh wells without any culture medium, washed 231 
thoroughly and incubated in 200 μl of 0.5 mg/ml MTT solution  at 37 °C for 4 h. For TCP, the 232 
wells were washed and incubated with MTT solution, as mentioned before. The insoluble 233 
formazan crystals formed were dissolved in DMSO under shaking condition for 30 mins. A 234 
standard curve was prepared from suspensions of known number of cells determined by an 235 
automated cell counter (Countess, Invitrogen, USA). Absorbance was recorded at 570 nm on a 236 
microplate reader on Platescreen (RMS, Chandigarh, India). 237 
2.10 Statistical analysis 238 
The results are presented here as mean ± SD. Comparisons were made using Origin Pro8 239 
software for paired t tests was used for comparisons and at 95% confidence intervals (p < 0.05) 240 
significant difference was asserted.  241 
  242 
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3. Results and discussion 243 
3.1 Nanofiber fabrication through electrospinning  244 
In the present study, electrospinnability of chitosan, PEO, and their blends, dissolved in 245 
0.5 M and 15 M aqueous acetic acid, were compared for their fiber forming ability. The 246 
compositions, polymer fractional loadings, acetic acid concentrations, and resultant physico-247 
chemical properties of different test solutions (Table 1) were correlated with their spinnability. 248 
Electrospinning of chitosan, PEO solutions and their blends, prepared in 0.5 M acetic acid, 249 
yielded beads with negligible fibrous morphologies as evidenced by SEM microscopy (data not 250 
shown here). On the contrary, all test solutions prepared in 15 M acetic acid, except for chitosan, 251 
exhibited varying degrees of fiber formation by electrospinning (Fig. 1a-f). The chitosan-PEO 252 
blends prepared in 15 M acetic acid, yielded better fibrous architecture (diameter of 50-99 nm), 253 
whereas PEO solution (0C1P), showed formation of fibers with high average diameter (~ 200 254 
nm).  255 
While investigating various solution parameters, effect of acetic acid concentration on 256 
physico-chemical properties can be clearly appreciated. All the test solutions prepared using 0.5 257 
M acetic acid had a specific range of pH (3-4), conductivity  (4-6 mS/cm for chitosan and their 258 
blends), and surface tension (55-60 mN/m). On the other hand, solutions, prepared in 15 M 259 
acetic acid had much lower pH (~ 1), conductivity (0.4-0.7 mS/cm) and surface tension (30.8-260 
31.7 mN/m) which may have favored their fiber formation. The lower surface tension and 261 
conductivity may have assisted fiber formation by facilitating Taylor cone formation and higher 262 
jet stability, respectively [19, 33]. For polyionic polymers like chitosan, high conductivity 263 
associated with high charge density restricts fiber formation by electrospinning due to mutual 264 
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charge repulsion leading to severe jet instability and bursting. This phenomenon also prevents 265 
the degree of entanglement necessary for fiber formation.  266 
Differential spinning behaviors of chitosan and PEO solutions in 15 M acetic acid may be 267 
attributed to their yield stress. Actually, solution yield stress acts in opposition with surface 268 
tension, soon after deposition of polymer jet. If yield stress overcomes surface tension of the 269 
solution, fiber morphology of deposited jet is retained. However, in cases where surface tension 270 
exceeds yield stress, the polymer solution undergoes drainage that leads to beaded morphology. 271 
In this study, surface tension of chitosan (1C0P) and PEO (0C1P) solutions prepared in 15 M 272 
acetic being comparable (~31 mN/M), yield stress (0.6 Pa and 2.2 for 1C0P and 0C1P, 273 
respectively) plays determining role in retention of fiber morphology of  deposited polymer jet. 274 
This problem can be overcome by maintaining a higher distance in between the electrodes which 275 
may in turn require a higher applied voltage for successful fiber formation. It is to be noted that 276 
Geng et al. (2005) have fabricated nanofibers from 7% (w/w) chitosan solutions in 15 M acetic 277 
acid by using 3-5 kV/cm of potential difference [19]. The higher yield stress of PEO solution 278 
(0C1P) in comparison to chitosan (1C0P) was mainly due to its high loading and high chain 279 
entanglement. For chitosan-PEO blends, the yield stress increased successively with increasing 280 
PEO content which also influenced fiber formation during electrospinning.      281 
Further, critical assessment of SEM micrographs (Fig. 1a-f) revealed improvement in the 282 
architecture of electrospun samples with increase in solution viscosity and yield stress. The 283 
beaded structure, obtained from chitosan (1C0P) solution with low viscosity (1.0 Pa s), was 284 
improved by addition of highly viscous PEO solution (viscosity 2.1 Pa s). With increasing PEO 285 
content in the blends, electrospun samples underwent gradual improvement in fiber architecture 286 
with reduction in beads. Amongst all blends, 3C1P and 4C1P yielded continuous fiber with 287 
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superior bead free morphology (diameter ~ 99 nm and 78 nm, respectively) whereas, 6C1P and 288 
9C1P samples formed finer fibers (diameter ~ 64 nm and 50 nm, respectively) along with beads. 289 
The phenomenon of bead formation during electrospinning may be associated with solution 290 
drainage due to relatively lower yield stress and viscosity. The PEO solution also yielded bead 291 
free fibers but with relatively higher diameter and branching. The larger fiber diameter and 292 
branch structure obtained from PEO solution may be attributed to restriction in jet stretching 293 
during spinning owing to its high yield stress and viscosity. 294 
While analysing the effect of polymer loading on spinnability, Klossner et al. (2008) 295 
found that defect free nanofibers can be electrospun from chitosan solutions having polymer 296 
concentration of at least 2-2.5 times its chain entanglement concentration (Ce) [18]. However at 297 
such loading, even a moderate range molecular weight chitosan solution would have very high 298 
viscosity, which is almost impossible to spin using a laboratory sized set up [18]. In the present 299 
study, addition of PEO to chitosan solution facilitated sufficient chain entanglement among 300 
polymer molecules while maintaining a suitable viscosity range essential for fiber formation. 301 
Further in dilute acetic acid, the polycationic chitosan molecules carry high charge undergoing 302 
mutual repulsion which causes jet instability during electrospinning. Addition of PEO facilitated 303 
charge shielding by interaction amongst the protonated amine residue of chitosan with ether 304 
oxygen of PEO molecules.  305 
The ring structure of glucosamine moieties of chitosan hindered its flexibility which is 306 
improved by plasticizing effect of PEO due to enhancement of chain entanglement amongst 307 
these polymers. The fibers produced by electrospinning in this study were randomly oriented and 308 
had nanoscale diameter. Inter fiber space between nanofibers in the mats were also in nanometer 309 
scale.  310 
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3.2 Cross-linking of nanofibers 311 
Amongst all the bead free fibrous architectures, 4C1P nanofiber mat was chosen for 312 
further physico-chemical and biological characterizations based on its superior fiber morphology 313 
and higher chitosan-PEO weight ratio. As chitosan has significant biological role in comparison 314 
to PEO in terms of cytocompatibility, it was desirable to choose a blend composition with higher 315 
chitosan content. Removal of PEO from blend nanofibers was also attempted in this study by 316 
prolonged incubation in aqueous medium as reported by Jeong et al. [31]. However during this 317 
treatment, it was observed that 4C1P nanofiber mats lost their architecture in aqueous medium 318 
due to ~ 42 wt% polymer dissolution (Fig. 1g). Hence, prior to further attempts of PEO 319 
extraction, electrospun 4C1P mats were ionotropically cross-linked by STPP at pH 7. SEM 320 
micrograph revealed retention of fibrous architecture in STPP treated 4C1P nanofibers as shown 321 
in Fig. 1h. Further attempts to remove PEO from STPP treated 4C1P mats allowed retention of 322 
samples’ fibrous architecture as evidenced in Fig. 1i with ~ 16 % weight loss. FT-IR studies of 323 
resultant samples (4C1P-S mats), as discussed later, indicated partial removal of PEO from 324 
4C1P-S mats, owing to physical entrapment of polymer molecules in the nanofiber network. The 325 
remnant PEO in the 4C1P-S mat did not show cytotoxicity during in vitro cell culture as 326 
discussed later. Similar study by Jeong et al. showed that PEO leaching from alginate based 327 
nanofibers caused minimal cytotoxicity to human dermal fibroblasts and hence PEO containing 328 
matrices may be safe for intended applications [31]. 329 
3.3 Swelling, crystalline, thermal and biodegradation properties 330 
The swelling study of 4C1P and 4C1P-S nanofibers revealed rapid swelling (equilibrium 331 
attained within an hour of incubation) in PBS medium with more than 500% and 300% weight 332 
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gain, respectively (Fig. 2a). The lower extent of swelling of 4C1P-S nanofibers, in comparison to 333 
4C1P mats, were attributed to less PEO content and higher stability rendered by cross-linking.     334 
XRD analysis of 4C1P and 4C1P-S nanofibers revealed that there is a change in degree 335 
of crystallinity of the nanofiber mats as a result of cross-linking as evidenced by reduction in 336 
intensity of characteristic peak at ~19º for chitosan nanofibers (Fig. 2b) [34]. While comparing 337 
their thermal stability, a lower shift in decomposition temperature was noted from 410 ºC to 338 
390ºC as a result of cross-linking owing to decrease in degree of crystallinity (Fig. 2c) [35]. 339 
Thermal decomposition of 4C1P-S sample also yielded ~ 31% inorganic content mainly due to 340 
residual phosphate in the nanofiber mat, that indicated significant TPP incorporation into the 341 
chitosan network.  342 
In vitro biodegradation of as-spun and TPP cross-linked 4C1P nanofibers were carried 343 
out in aqueous medium supplemented with lysozyme and shown in Fig. 2d. It was observed that 344 
both the samples (4C1P and 4C1P-S) were degradable under simulated condition (37 ºC, pH 345 
7.4). After 30 days of incubation in lysozyme medium, the weight remaining for 4C1P and 346 
4C1P-S nanofiber mats were ~ 40% and ~ 60%, respectively. Here it is also to be noted that the 347 
integrity of uncross-linked nanofibers’ architecture was completely lost after 30 days of 348 
incubation whereas cross-linked ones retained the fibrous architecture (data not shown).   349 
The TPP cross-linked chitosan based nanofiber mat with high water retention capacity, 350 
stability and bio-degradability may be considered as potential scaffold for tissue engineering. In 351 
context of skin tissue engineering, the fibrous morphology and interconnected nanometer scale 352 
pore size of 4C1P-S nanofiber mat may allow better cell attachment, proliferation and migration 353 
while restricting cellular infiltration rendering them suitable for basement membrane 354 
reconstruction.  355 
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3.2 FTIR analysis 356 
FTIR spectra of chitosan, PEO, STPP powders, as-spun chitosan-PEO (4C1P) mats, and 357 
STPP treated chitosan-PEO (4C1P-S) mats are shown in Fig. 3. The spectra for chitosan powder 358 
showed characteristic peaks for  amide I at ~ 1660 cm
-1 
(C=O stretching), amide II  at ~ 1593 cm
-
359 
1
 (N-H in plane deformation) and amide III at ~ 1378 cm
-1
. The other significant bands for 360 
chitosan were observed at 1417 cm
-1
 owing to –CH2 wagging coupled with OH in plane 361 
deformation, at 1154 cm
-1
 due to C-O-C bending and at 897 cm
-1
 signifying presence of 362 
saccharide unit. Apart from these, the N-H and O-H stretching vibration and intermolecular 363 
hydrogen bonding of chitosan could be evidenced from the strong absorption band between 364 
3500-3100 cm
-1
. For PEO powder, the characteristic triplet peaks associated with asymmetric C-365 
O-C stretching vibration could be observed at 1060 cm
-1
, 1110 cm
-1
 and 1153 cm
-1
. The peaks at 366 
1467 cm
-1
 and 2877 cm
-1
 may be attributed to symmetric –CH2 bending and stretching, 367 
respectively. For the 4C1P mat, the characteristic peaks for chitosan (at 1593 cm
-1
, 1417 cm
-1
) 368 
and PEO (at 2877 cm
-1
) were observed. Presence of a broad peak between 1150 - 1108 cm
-1
 was 369 
observed for 4C1P mat, which may be due to overlapping of chitosan and PEO peaks in the 370 
similar range. The spectra for STPP powder showed characteristic –PO4 peaks at 1017 cm
-1
. For 371 
STPP treated 4C1P mat (4C1P-S mat), an increase in peak intensity at 1630 cm
-1
 and shift of 372 
amide II peak to 1520 cm
-1
 may be attributed to protonation of chitosan and subsequent 373 
ionotropic cross-linking by TPP ions. Appearance of a sharp peak at 1017 cm
-1
 was due to 374 
incorporation of TPP ions in the polymer network. The reduction in intensity of characteristic 375 
PEO peak at 2877 cm
-1 is indicative of the polymer’s partial removal from blend due to 376 
prolonged incubation in aqueous medium. The findings confirmed cross-linking of chitosan-PEO 377 
blended nanofiber mat by TPP ions through ionotropic gelation. 378 
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3.3 Mechanical properties 379 
The mechanical properties of 4C1P and 4C1P-S nanofiber mats are shown in Fig. 4 380 
which illustrates a typical stress-strain plot. Test results revealed that STPP treatment has 381 
marginally improved tensile strength and considerably enhanced the elastic modulus of 4C1P-S 382 
nanofibers (tensile strength = 5.9 ± 0.2 MPa; elastic modulus = 134.1± 15.2 MPa) in comparison 383 
to 4C1P nanofibers (tensile strength =5.2 ± 0.3 MPa; elastic modulus = 75.8 ± 10.2 MPa  ). As 384 
seen in Fig. 4, both the curves showed an initial steep rise signifying intrinsically high cohesive 385 
forces in nanofiber mats arising out of fiber-fiber contacts that also rendered them high resistance 386 
to deformation. The stress-strain plot of 4C1P nanofibers (Fig. 4) showed a pseudo yield point 387 
which may be attributed to re-alignment of randomly oriented 4C1P nanofibers under tension. As 388 
the randomly oriented 4C1P nanofibers underwent alignment, the tolerable stress on fibrous mats 389 
increased until the point of ultimate failure was attained. The 4C1P-S mats did not show any 390 
such pseudo yield point, but had a distinct point of failure. This may be due to the fact that TPP 391 
cross-linking effectively interlocked the chitosan based nanofibers thereby restricting their 392 
slippage and elongation under influence of comparable stress.  Schiffman and Schauer (2007) 393 
reported a similar loss of pseudo yield point in case of glutaraldehyde cross-linked chitosan 394 
nanofibers [25]. The cross-linked 4C1P-S mats also exhibited a lower percentage elongation at 395 
break (9.08 ± 0.6) in comparison to as-spun 4C1P mats (13.1 ± 0.5).  396 
3.4 Cell attachment, viability and proliferation studies 397 
The morphology, attachment and proliferation of 3T3 fibroblast cells on 4C1P-S mats 398 
were observed under SEM microscope after 1, 3 and 7 days of cell seeding. As seen in Fig. 5a-c, 399 
3T3 fibroblasts showed attachment and proliferation on the 4C1P-S nanofiber mats after above-400 
mentioned time periods. Cells spread uniformly on the surface and formed a sheath like 401 
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morphology with distinct cellular projections by day three, which may be indicative of a high 402 
level of proliferation and favorable cell-material interactions. It is also to be noted that even after 403 
7 days of culture period, nanofiber morphology of the electrospun mats were well retained due to 404 
their architectural stability rendered by effective TPP cross-linking. The results of cell 405 
proliferation on 4C1P-S mats were further confirmed using DAPI nuclear staining method. The 406 
fluorescent microscopic observation (Fig. 5 d-f) revealed presence of glowing bright cell nuclei 407 
well distributed on 4C1P-S mats. The observations were further used to quantify the cell 408 
population on mat. The nuclear count revealed a significant increase in number of cells on 4C1P-409 
S mats after 1 d (12 ± 6 nuclei/sq mm), 3 d (529 ± 24 nuclei/sq mm) and 7 d (868 ± 28 nuclei/sq 410 
mm) of incubation. Here, it is to be noted that similar studies of 3T3 cell attachment/proliferation 411 
carried out by our group on TPP cross-linked chitosan microfibers (diameter ~ 30 µm) revealed 412 
inferior cellular response compared to nanofiber mat reported in this study [11]. Actually, low 413 
surface area and higher inter fiber space in microfiber mesh did not favor cellular proliferation 414 
and effective migration. The nanofiber architecture on the other hand, supported much higher 415 
cellular response mainly due to higher surface area and fiber to fiber connectivity.   416 
Viability of cells on 4C1P-S mats were evaluated by Live/Dead assay and observed under 417 
fluorescent microscope (Fig. 5g-i). The assay revealed rapid proliferation of cells on 4C1P-S 418 
mats with predominantly viable population after 1, 3 and 7 days of culture. The numbers of dead 419 
cells observed were fewer compared to live ones. Viability of cells on mat was maintained 420 
throughout seven days of culturing. There is however a time lag before the cells gets 421 
acclimatized to scaffold environment, which is reflected by a considerable level of dead cells at 422 
day 1 of culture. Intercellular connections were established though lamelipodia as distinctly 423 
observed on day 3 and day 7 of culture. The cells distributed well on 4C1P-S mats and became 424 
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confluent by day 7. However on day 7, the observed number of dead cells was more compared to 425 
day 3 plausibly due to cellular contact inhibition in confluent sheath.  It is important to mention 426 
that presence of TPP ions above 4 mM concentration has potential toxicity in cell culture media 427 
[11]. However, TPP release study from 4C1P-S nanofiber mat revealed burst release of 0.5 mM 428 
TPP within first 1 hour of incubation, beyond which the leaching rate became insignificant.  429 
While looking into cell adhesion and proliferation morphology on uncross-linked 4C1P 430 
mats, it was observed that cells remained rounded and clustered, with no significant sign of 431 
spreading even after 7 days of incubation (Fig. 6a). Moreover, the nanofiber architecture of 4C1P 432 
mats was not retained due to incubation in aqueous medium. The Live/Dead assay results 433 
showed significantly inferior viability compared to 4C1P-S mat (p < 0.05) and clustering of cells 434 
after 7 days of culture (Fig. 6b). Viable cell proliferation on 4C1P and 4C1P-S mats were further 435 
quantified using MTT assay after 1, 3, and 7 days  taking tissue culture polystyrene (TCP) as 436 
control (Fig. 6c).  The results showed presence of 8 ± 6, 293 ± 45, and 460 ± 75 number
 
of viable 437 
cells/sq
 
mm of 4C1P-S mats after 1, 3, and 7 days of culture respectively. In comparison to 438 
4C1P-S, TCP showed significantly higher (p < 0.05) cellular viability, after 1 and 3 days of 439 
culture (210 ± 57 and 505 ± 74 number
 
of viable cells/sq
 
mm, respectively), but at day 7 (546 ± 440 
131 number
 
of viable cells/sq
 
mm) this difference became insignificant (p > 0.05). This may be 441 
indicative of a lesser cell adhesion and proliferation frequency on 4C1P-S in the initial phase, 442 
which however at a later stage became comparable with TCP. The results also showed 443 
significant increase (p < 0.05) in cellular viability on 4C1P-S after 1, 3, and 7 days, which 444 
indicated steady proliferation of cells on mat. For TCP, on the other hand, cells exhibited steady 445 
proliferation upto 3 days of incubation, beyond which the stagnancy in growth of cells might 446 
have been due to contact inhibition. For 4C1P mats, poor cellular viability was observed (5±3, 447 
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45±22, and 125±35 number
 
of viable cells/sq
 
mm after 1, 3, and 7 days of incubation, 448 
respectively). This inferior cellular response on uncross-linked 4C1P mats was attributed to loss 449 
of samples’ nanofiber architecture in cell culture media and poor cell adherent property of 450 
chitosan, as previously reported by many researchers [35, 36]. Under in vitro cell culture 451 
conditions (pH 7.4), chitosan has insignificant surface charge (chitosan pKa ~ 6.3) that restricts 452 
protein adsorption essential for attachment of adherent cells [35]. However for 4C1P-S mats, 453 
ionotropic cross-linking of chitosan with TPP ions provided an amphoteric character to the 454 
nanofibers’ surface that facilitated better protein adsorption and hence promoted superior cellular 455 
response. The results clearly indicated the role of TPP cross-linking in improving cellular 456 
behavior on chitosan based nanofibers. Moreover 4C1P-S mats, being non-toxic and 457 
biocompatible under above mentioned in vitro conditions, can be considered as potential scaffold 458 
for tissue engineering. 459 
4. Conclusion 460 
The present work demonstrates successful preparation of chitosan based nanofibers (~ 78 461 
nm diameter) using 4:1 chitosan-PEO blend solutions in 15 M acetic acid. The chitosan-PEO 462 
blends were spinnable in higher acetic acid concentration especially due to significant lowering 463 
of surface tension and conductivity. However, chitosan solution with similar physico-chemical 464 
properties yielded beads with negligible fibers owing to solution drainage associated with lower 465 
yield stress. The stability of nanofibers’ architecture in aqueous medium was rendered by 466 
ionotropic cross-linking of chitosan by TPP ions. TPP cross-linking is time efficient and causes 467 
less physiological toxicity. 3T3 fibroblasts cultured on TPP cross-linked nanofiber mats showed 468 
good cell attachment, proliferation, and viability confirming non-toxic and cytocompatible nature 469 
of matrices. The TPP cross-linked chitosan based nanofiber mat with limited pore size can be 470 
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considered for specific tissue engineering application like skin basement membrane 471 
reconstruction.  472 
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Figure Number Caption 
Fig.1. SEM morphology of electrospun mats prepared from (a)  chitosan 
(1C0P), (b) 9:1 chitosan-PEO (9C1P), (c) 6:1 chitosan-PEO (6C1P), (d) 
4:1 chitosan-PEO (4C1P), (e) 3:1 chitosan-PEO (3C1P), and (f)  PEO 
(0C1P); 4C1P mat after (g) incubation in aqueous medium for 5 days, (h) 
STPP treatment, and (i) STPP treatment followed by treatment in  
aqueous medium (4C1P-S mat). 
Fig.2. a) Swelling behavior (b) XRD pattern, (c) TG curves and (d) in vitro 
biodegradation of electrospun chitosan-PEO blend before (4C1P mat) and 
after STPP treatment (4C1P-S mat), *p <0.05. 
Fig.3. FTIR spectra of chitosan powder, PEO powder, STPP powder, 4:1 
chitosan-PEO mat (4C1P mat), and STPP treated 4:1 chitosan-PEO mat 
(4C1P-S mat). 
Fig.4. Representative stress-strain curve for 4:1 chitosan-PEO mat (4C1P mat) 
and STPP treated 4:1 chitosan-PEO mat (4C1P-S mat). 
Fig.5. 3T3 fibroblasts grown on STPP treated 4:1 chitosan-PEO nanofiber mats 
(4C1P-S mats) for 1, 3 and 7 days as observed under SEM microscope (a, 
b, c); fluorescent microscope (10X magnification) using DAPI nuclear 
staining (d, e, f) and Calcein AM / Ethidium homodimer stains (g, h, i). 
Live cell cytoplasms are labeled green, dead cell nuclei are labeled red.   
Fig.6. (a, b) 3T3 fibroblasts grown on chitosan-PEO nanofiber mats (4C1P mat) 
as seen under SEM microscope and fluorescent microscope (by Calcein 
AM / Ethidium homodimer staining), respectively after 7 days of culture. 
Live cell cytoplasms are labeled green, dead cell nuclei are labeled red. 
(c) Viable cell numbers on 4C1P mats, STPP treated 4C1P (4C1P-S) 
mats and tissue culture polystyrene (TCP) after 1, 3 and 7 days of 
proliferation as measured by MTT assay. 
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Table 1 Different solution composition, their physico-chemical properties and spinnability 
Sample 
a 
xCyP 
Polymer 
Weight 
(%) 
pH Conductivity 
(mS/cm) 
Surface 
Tension 
(mN/m) 
Yield 
stress 
(Pa) 
Viscosity 
coefficient
 
(Pa.s) 
Spinnability Average 
Fiber 
Diameter 
(nm) 
1C0P0.5M 
b
 3 4.1 6 59.69 1.03 0.88 No - 
  1C0P 3 1.3 0.6 30.84 0.6 0.97 No - 
  9C1P 3.7 1.2 0.6 31.21 0.96 1.11 Yes 50 ± 3.74 
  6C1P 3.9 1.2 0.5 31.12 1.05 1.19 Yes 64 ± 6.01 
   4C1P 4.4 1.2 0.5 31.7 1.27 1.47 Yes 78 ± 7.13 
   3C1P 4.7 1.2 0.4 31.57 1.3 1.59 Yes 99 ± 10.7 
   0C1P 10 1 0.7 31.02 2.2 2.14 Yes 200 ± 24.7 
 a 
x/y= weight ratio of 3 % (w/w) chitosan (C) and 10% (w/w) PEO (P);15M acetic acid 
used as solvent except for sample 1C0P0.5M 
b 
0.5M acetic acid used as solvent  
  
 
Table 1
